1. Introduction {#sec1}
===============

Over the last three decades, many researchers have studied the regulation of food intake in birds and mammals. Some peptide hormones, for instance, neuropeptide Y (NPY), melanin-concentrating hormone (MCH), growth hormone releasing factor (GRF), and ghrelin, regulate appetite in mammals and birds. Feeding and energy homeostasis are fundamental actions necessary for survival \[[@B1]\]. In birds, the hypothalamus plays a pivotal role in integrating external environmental cues (especially for stressors) and generates the appropriate responses to influence feed intake \[[@B2]\]. Laying hens undergo various environmental stresses, including high/low temperature, which may last for a few hours, several days, or weeks. The hypothalamic-pituitary-adrenal (HPA) axis plays an integral role in the maintenance of homeostasis during stress. As suggested by Brobeck \[[@B3]\], hypothalamic neurons can perceive the increases in body temperature and exert an inhibiting influence on cells that are responsible for controlling feed intake.

The feed intake of laying hens decreases when the environmental temperature increases \[[@B4]\]. Stockland and Blaylock \[[@B5]\] reported lower feed intake and egg production in pullets reared under elevated temperatures. The suitable temperature for poultry is between 16°C and 25°C \[[@B6]\]. It has been estimated that for every 1°C increase in temperature between 21°C and 30°C, appetite decreases by 1.5%, and for every 1°C increase in temperature between 32°C and 38°C, the reduction is about 4.6% \[[@B7]\]. The heat production of birds decreases with lower feed consumption under high ambient temperature. While a number of reports have documented the effects of heat stress on the feed intake of chickens \[[@B8]\], the underlying neuroendocrine mechanism is virtually unknown. The objective of the present study was to investigate the effect of heat stress on gene expression of brain-gut peptides in the hypothalamus and gastrointestinal tract of laying hens.

2. Material and Methods {#sec2}
=======================

2.1. Animal Management and Sample Collection {#sec2.1}
--------------------------------------------

Eighty hens (Hy-line brown, 24 weeks of age) were raised in the same condition for two weeks before heat exposure. The hens were provided a diet with 16% crude protein and 11.3 MJ/kg of metabolisable energy. A light regime of 16 (light)/8 (dark) was applied. The study was approved by the Shandong Agricultural University and carried out in accordance with the "Guidelines for Experimental Animal" of Ministry of Science and Technology (Beijing, P. R. China).

Forty-eight laying hens with similar body weight \[BW, (1.65 ± 0.12) kg\] were selected and evenly distributed in 8 pens. The hens were randomly subjected to one of two treatments for 7 d: (1) high ambient environment (31 ± 1.5°C, heat-exposed; relative humidity, 82.0 ± 2.2%) or (2) normal temperature (20 ± 2°C, control; relative humidity, 60.1 ± 4.5%). All the laying hens were assigned to normal temperature and fasted for 12 h before sampling.

After day 7 (morning of the eighth day), the laying hens were restrained and a blood sample was drawn from the wing vein within 30 s using a heparinized syringe and collected in ice-cold tubes (09:00 H to 10:00 H). Plasma was obtained after centrifugation at 400 ×g for 10 min at 4°C and stored at −20°C. The plasma was further analysed for glucose, insulin, cholesterol (Chol), triiodothyronine (T~3~), corticosterone (CORT), nonesterified fatty acid (NEFA), triglyceride (TG), and uric acid (UA). Hens were sacrificed by exsanguination \[[@B9]\] immediately after the blood samples were obtained. Then tissue samples of the hypothalamus, glandular stomach, duodenum, jejunum, and ileum were collected. The tissue samples were stored at −80°C after snap-frozen in liquid nitrogen.

2.2. Production Performance and Egg Quality {#sec2.2}
-------------------------------------------

The number of eggs, egg weight, BW, and feed intake were recorded daily during the experiment. The feed conversion ratio (feed/egg; FCR), laying rate, average egg mass, and egg production were calculated based on the data recorded.

At the end of the experiment, random samples of three eggs from each pen (12 eggs per treatment) were collected at random. Shell thickness was measured using a micrometre caliper, and the mean value of measurements at three locations (i.e., air cell, equator, and sharp end) on the egg was calculated \[[@B10]\].

2.3. Plasma Metabolites and Hormones {#sec2.3}
------------------------------------

Plasma concentrations of glucose (F006, intra-assay coefficient of variation 2.25%), UA (C012, intra-assay coefficient of variation 2.1%), TG (F001-1, intra-assay coefficient of variation 2.6%), Chol (F002-2, intra-assay coefficient of variation 2.9%), and NEFA (A042, intra-assay coefficient of variation 6.9%) were measured spectrophotometrically using commercial diagnostic kits (Jiancheng Bioengineering Institute, Nanjing, P. R. China).

Plasma insulin level was measured by radioimmunoassay using guinea pig antiporcine insulin serum (3 V Bio-engineering Group Co., Weifang, P. R. China). In this assay, ^125^I-labeled porcine insulin competed with chicken insulin for sites on the insulin-porcine antibody immobilised to the wall of a polypropylene tube. A large cross-reaction was observed between chicken insulin and the guinea pig anti-porcine serum \[[@B11]\]. The insulin used in this study was referred to as immune-reactive insulin. The sensitivity of the assay was 1 *μ*IU/mL, and all samples were included in the same assay to avoid interassay variability. An intra-assay coefficient of variation was 1.98%.

Plasma CORT was measured using a sensitive and highly specific RIA kit (IDS Inc, Boldon, UK) with a sensitivity of 0.39 ng/mL. These kits have been used in a previous study \[[@B12]\] and have low cross-reaction with aldosterone (0.20%), cortisol (0.40%) and deoxycorticosterone (3.30%). To inactivate CORT-binding proteins, plasma samples were heated to 80°C for 10 min before the assay. The intra-assay variability was 3.8%.

Thyroid hormone levels were measured by radioimmunoassay according to the method described by Darras et al. \[[@B13]\]. Briefly, T~3~ amounts were measured using a commercially available T~3~ antiserum from Byk-Sangtec (Byk-Sangtec Diagnostica GmbH, Dietzenbach, Germany) in combination with a specific tracer (Amersham International, Slough, England). The intra-assay coefficient of variation was 4.5%.

2.4. RNA Isolation and Analysis {#sec2.4}
-------------------------------

Expression of genes in the hypothalamus, glandular stomach, duodenum, jejunum, and ileum was quantified using quantitative real-time PCR with SYBR Green I labeling.

Total RNA was isolated using the guanidinium isothiocyanate method with Trizol Reagent (Invitrogen, San Diego, CA, USA). The quality of RNA was tested by electrophoresis on an agarose gel and its quantity was determined using a biophotometer (Eppendorf, Germany).

RT reactions (10 *μ*L) consisted of 500 ng total RNA, 5 mmol/L MgCl~2~, 1 *μ*L RT buffer, 1 mmol/L dNTP, 2.5 U AMV, 0.7 nmol/L oligo d(T), and 10 U ribonuclease inhibitor (TaKaRa Biotechnology, Co., Ltd. Dalian, P. R. China). Real-time PCR analysis was conducted using the Applied Biosystems 7500 Real-time PCR System (Applied Biosystems, Foster, CA, USA). Each RT-reaction served as a template for a 20 *μ*L PCR reaction containing 0.2 *μ*mol/L of each primer and SYBR green master mix (Takara Biotechnology, Co., Ltd., Dalian, P. R. China). Primer-set sequences are described in [Table 1](#tab1){ref-type="table"}. Real-time PCR was predenatured at 95°C for 10 s, followed by 40 cycles. Each cycle consisted of denaturation at 95°C for 5 s and annealing and extension at 60°C for 40 s. At the end of each cycle, SYBR green fluorescence was detected to monitor the amount of PCR product. A standard curve was plotted to determine the fold dilutions during calculation of the efficiency of qPCR primers.

The relative amount of mRNA present in the gene was calculated according to the method of Livak and Schmittgen \[[@B14]\]. The mRNA levels of these genes were normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels (ΔCT). ΔCT was calibrated against the average of the control. The linear amount of target molecules relative to the calibrator was calculated by 2^−ΔΔCT^. Therefore, all gene transcription results are reported as an n-fold difference relative to the calibrator. The specificity of the amplification product was verified by melting curve and gel electrophoresis analysis.

2.5. Statistical Analyses {#sec2.5}
-------------------------

Data are presented as mean ± SEM/SE. For feed intake analysis, *n* = 4/treatment; for shell thickness analysis, *n* = 12; for plasma metabolite and hormone analyses, *n* = 8/treatment; for all enzyme mRNA analyses, *n* = 6. The homogeneity of variances among groups was confirmed using Bartlett\'s test. All data were subjected to one-way ANOVA analysis to test the main effect of the treatment. When the main effect of treatment was significant, differences between means were assessed using Duncan\'s multiple range analysis. *P* \< 0.05 was considered significant.

3. Results {#sec3}
==========

3.1. Zootechnical Performance {#sec3.1}
-----------------------------

Heat exposure resulted in a significant decrease (*P* \< 0.05) in BW gain, feed intake, laying rate, average egg mass, egg production, shell thickness, and the feed/egg ratio ([Table 2](#tab2){ref-type="table"}).

3.2. Plasma Metabolites and Hormone Levels {#sec3.2}
------------------------------------------

No significant difference (*P* \> 0.05) was observed in plasma levels of CORT, glucose, insulin, NEFA, TG, and Chol, but plasma UA was significantly decreased (*P* \< 0.05) ([Figure 1](#fig1){ref-type="fig"}) with heat exposure.

3.3. Expression of Feed Intake Regulatory Peptides in Hypothalamus {#sec3.3}
------------------------------------------------------------------

Gene expression of NPY, pro-opiomelanocortin (POMC), agouti-related protein (AgRP), corticotropin-releasing hormone (CRH), melanocortin 1 (MCR-1), melanocortin 4 (MCR-4), and melanocortin 5 (MCR-5) was not significantly changed (*P* \> 0.05) in heat-exposed hens compared with the control (Figures [2(a)](#fig2){ref-type="fig"}, [2(c)](#fig2){ref-type="fig"}, and [2(d)](#fig2){ref-type="fig"}). However, mRNA levels of ghrelin and cocaine- and amphetamine-regulated transcript (CART) were increased (*P* \< 0.05), and mRNA levels of cholecystokinin (CCK) were decreased (*P* \< 0.05) in heat-exposed hens (Figures [2(b)](#fig2){ref-type="fig"} and [2(c)](#fig2){ref-type="fig"}).

3.4. Expression of Feed Intake Regulatory Peptides in Gastrointestinal Tract {#sec3.4}
----------------------------------------------------------------------------

High ambient temperature significantly increased mRNA levels of ghrelin in the glandular stomach and jejunum (*P* \< 0.05) (Figures [3(a)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). Heat exposure significantly decreased mRNA levels of CCK in the duodenum and jejunum (*P* \< 0.05) (Figures [3(b)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). Ghrelin in the duodenum and ileum and CCK in the ileum were not affected by high ambient temperature (*P* \> 0.05) (Figures [3(b)](#fig3){ref-type="fig"} and [3(d)](#fig3){ref-type="fig"}).

4. Discussion {#sec4}
=============

One of the primary effects of high environmental temperatures on poultry is the reduction of feed (and energy) intake and egg production \[[@B15]\]. Above upper critical temperature, energy demands rise to manipulate the active cooling mechanisms in poultry. Laying hens\' appetite has been shown to decrease at elevated temperatures, followed by reductions in feed intake and BW; however, the effect of high environmental temperature upon the rate of egg-laying appeared largely unrelated to feed intake \[[@B16]\].

Laying hens usually decrease their feed intake under high ambient temperature, mobilizing their body\'s energy and nitrogen stores to sustain their reproductive performance (i.e., egg production and laying rate). However, in the present study, a significant reduction was observed in the egg production and laying rate in heat-exposed laying hens ([Table 2](#tab2){ref-type="table"}). This might be derived from the long time of heat stress. After 7 d of heat exposure, laying hens could not maintain their performance even by mobilization of energy and nitrogen stores. This consequence might be caused by insufficient protein deposits, as seen from the lower UA detected in the plasma of heat-exposed laying hens ([Figure 1(c)](#fig1){ref-type="fig"}). In comparison with the control group, heat-exposed birds had a small value of feed/egg ratios ([Table 2](#tab2){ref-type="table"}), which implicated that these laying hens mobilized lots of body storage to meet the production needs. Also this increased net feed efficiency is clearly associated with decreased heat production \[[@B17]\], and body heat production in poultry has been shown to decrease to alleviate the adverse effects of heat stress.

In the current study, heat exposure showed little effect on plasma parameters except plasma UA. These results might be due to the 12 h normal temperature recovery. Normally, heat stress is accompanied by a decrease in plasma thyroid hormones, which is associated with a decrease in the basic metabolic rate and heat production \[[@B18]\]. However, in the present study, exposing hens to high ambient temperatures (32 °C) did not change the concentration of plasma T~3~ ([Figure 1(c)](#fig1){ref-type="fig"}). Besides the reason of temperature accumulation, another possibility was that heat-exposed hens could control their body temperature by reducing feed intake, thereby eliminating the need to change metabolic rates and plasma T~3~ levels. CORT is another hormone involved in the bird\'s metabolic rate and heat production. The effect of heat stress on poultry plasma corticosterone is complicated. Short heat stress (1 or 2 h at 42°C) caused an increase in corticosterone concentration in plasma of cocks \[[@B19]\]. Wolfenson et al. \[[@B20]\] found that plasma concentration of corticosterone increased in the early stages of heat stress but recovered to the normal (even lower) levels after 4 d. The laying hens seemed to be adapted to the high temperature and maintained the normal concentration of plasma corticosterone after several days of heat exposure. The current result was in line with the findings of Wolfenson et al. \[[@B20]\], which revealed that the effect of heat stress on the plasma concentration of corticosterone was related to the length of heat exposure.

In the present study, the mRNA level of CRH in the hypothalamus of heat-exposed laying hens tended to decrease (*P* = 0.066) ([Figure 2](#fig2){ref-type="fig"}). The response of CRH mRNA to repeated and chronic stress is much more complex. Depending on the stimulator, the mRNA level of CRH in the PVN may increase \[[@B21]\], decrease \[[@B22]\], or even remain unchanged \[[@B23]\]. It has been reported that after repeated restraint stress, a rapid adaptation of the CRH mRNA response appeared \[[@B23]\]. Generally speaking, heat stress showed little effect on gene expression of CRH in laying hens under current experimental condition.

In mammals, ghrelin is one of the most potent orexigenic feed regulatory neuropeptides in the brain \[[@B24]\]. However, in chicken, ghrelin plays an inhibitory role in the regulation of feed intake when injected centrally \[[@B25]\]; thus, it has been classified as anorexigenic hypothalamic neuropeptides. Lutter et al. \[[@B26]\] demonstrated that chronic stress results in increased plasma ghrelin in humans. In the present study, heat stress resulted in the upregulation of ghrelin mRNA ([Figure 2(b)](#fig2){ref-type="fig"}) in the hypothalamus of laying hens. Ghrelin has been demonstrated to act via NPY neurons in rats \[[@B24]\]. However, Kaiya et al. \[[@B25]\] suggested that ghrelin does not activate NPY neurons in birds. In the present study, gene expression of NPY in the hypothalamus was not changed in heat-exposed hens ([Figure 2(a)](#fig2){ref-type="fig"}). In the hypothalamic arcuate nucleus (ARC), NPY neurons also express AgRP, an orexigenic peptide \[[@B24]\]. As shown in [Figure 2(b)](#fig2){ref-type="fig"}, mRNA levels of AgRP were also not changed in the hypothalamus of heat-exposed laying hens. Therefore, more research should be done to clarify the possible roles of ghrelin on the regulation of NPY/AgRP neurons in laying hens under heat stress conditions.

There is physiological evidence indicating a role for CART peptide in the stress response \[[@B27]\]. In our study, the mRNA level of CART in the hypothalamus of heat-exposed hens increased compared with the control group ([Figure 2(c)](#fig2){ref-type="fig"}), which implied the pivotal role of this peptide in the regulation of feed intake in laying hens.

High ambient temperature significantly increased the expression patterns of ghrelin mRNA in the glandular stomach and jejunum ([Figure 3](#fig3){ref-type="fig"}). Peripheral injection of ghrelin in birds has an anorexigenic impact on feed intake \[[@B25]\]. Richards et al. \[[@B28]\] showed that the main sources of endogenous ghrelin in chickens are the proventriculus (glandular stomach) and brain. In the present study, expression of ghrelin mRNA was increased in both glandular stomach and hypothalamus of heat-exposed hens ([Figure 3(a)](#fig3){ref-type="fig"}). It seemed that one of the pathways for the anorexigenic effect of high ambient temperature in laying hens might be mediated by its effects on the hypothalamic and gastrointestinal ghrelin signals.

Significant downregulation of CCK gene expression was observed in the hypothalamus ([Figure 2(b)](#fig2){ref-type="fig"}), duodenum ([Figure 3(b)](#fig3){ref-type="fig"}), and jejunum ([Figure 3(c)](#fig3){ref-type="fig"}) of heat-exposed hens. CCK has been identified to be an anorexigenic gut peptide in poultry \[[@B2]\]. Furthermore, CCK is able to induce gut motility. Reduced central (hypothalamus) and peripheral (duodenum and jejunum) CCK mRNA levels in heat-exposed laying hens cause a decrease in intestine mobility and, hence, a lower passage rate, which allows intestine enzymes more time to digest nutrients. However, the information of the effect of CCK on laying hens\' appetite was scarce, especially when the laying hens were under heat exposure. More research is needed to clarify its complicated physiological and biochemical functions in stressed poultry.

5. Conclusions {#sec5}
==============

The current research was designed to explore the effect of heat stress on the regulation of appetite-associated genes in laying hens. The present results indicated that some hypothalamic and gastrointestinal tract peptides were involved in the appetite regulation in heat-exposed laying hens. The results also showed for the first time that the upregulated gene expression of ghrelin in the glandular stomach and jejunum, paralleled by its significantly increased expression in hypothalamus, might play pivotal roles in the reduction of feed intake in heat-exposed laying hens.
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![Effect of heat stress on plasma parameters in laying hens. (a) Glucose (mmol/L), triglyceride (TG, mmol/L), and corticosterone (CORT, ng/mL); (b) Insulin (*μ*IU/mL), nonesterified fatty acid (NEFA, mmol/L), and cholesterol (Chol, *μ*mol/L); (c) Uric acid (UA, mmol/L) and triiodothyronine (T~3~, ng/mL). Values indicate mean ± SEM (*n* = 8). ^a,\ b^Means with different superscripts are significantly different (*P* \< 0.05).](JBB2012-484869.001){#fig1}

![Effect of heat stress on gene expression of neuropeptides in the hypothalamus of laying hens. (a) Neuropeptide Y (NPY) and Agouti-Related Protein (AgRP); (b) Ghrelin and cholecystokinin (CCK); (c) Proopiomelanocortin (POMC), cocaine- and amphetamine-regulated transcript (CART), and corticotropin-releasing hormone (CRH); (d) Melanocortins 1, 4, and 5 (MCR-1, MCR-4, and MCR-5). Values indicate mean ± SE (*n* = 6). ^a,\ b^Means with different superscripts are significantly different (*P* \< 0.05).](JBB2012-484869.002){#fig2}

![Effect of heat stress on gene expression of ghrelin and cholecystokinin (CCK) in laying hens\' gastrointestinal tract. (a) Glandular stomach, (b) Duodenum, (c) Jejunum, and (d) Ileum. Values indicate mean ± SE (*n* = 6). ^a,\ b^Means with different superscripts are significantly different (*P* \< 0.05).](JBB2012-484869.003){#fig3}

###### 

Gene-specific primers used in the analysis of gene expression.

  Gene                     GenBank accession no.   Primer sequences (5′-3′)   Orientation   Product size (bp)
  ------------------------ ----------------------- -------------------------- ------------- -------------------
  GAPDH                    NM_204305               ACATGGCATCCAAGGAGTGAG      Forward       266
  GGGGAGACAGAAGGGAACAGA    Reverse                                                          
  NPY                      M87294                  TGCTGACTTTCGCCTTGTCG       Forward       148
  GTGATGAGGTTGATGTAGTGCC   Reverse                                                          
  AgRP                     NM_001031457            GGAACCGCAGGCATTGTC         Forward       163
  GTAGCAGAAGGCGTTGAAGAA    Reverse                                                          
  CRH                      NM_001123031            CTCCCTGGACCTGACTTTCC       Forward       86
  TGTTGCTGTGGGCTTGCT       Reverse                                                          
  Ghrelin                  AB075215                CCTTGGGACAGAAACTGCTC       Forward       203
  CACCAATTTCAAAAGGAACG     Reverse                                                          
  POMC                     NM_001031098            CGCTACGGCGGCTTCA           Forward       88
  TCTTGTAGGCGCTTTTGACGAT   Reverse                                                          
  CART                     BI394769                CCGCACTACGAGAAGAAG         Forward       146
  AGGCACTTGAGA AGA AAGG    Reverse                                                          
  CCK                      NM_001001741            CAGCAGAGCCTGACAGAACC       Forward       121
  AGAGAACCTCCCAGTGGAACC    Reverse                                                          
  MCR-4                    NM_001031514            ACACTCCAGCCTCTCCATTTCT     Forward       101
  TGTTCATAGCAGCCTCCCGA     Reverse                                                          
  MCR-1                    AY220305                CACCTACTACCGCAACAACG       Forward       218
  AGCAGATGAAGAAGACTCCCAG   Reverse                                                          
  MCR-5                    AB012868                TCCATTCTTCCTCCATCTCATCC    Forward       157
  CTTCCTCATTTCCTGGCTACG    Reverse                                                          

###### 

Laying hens\' productive performance.

                               Control             Heat stress         *P* value
  ---------------------------- ------------------- ------------------- -----------
  BW change (g/hen)            47.54 ± 7.39^a^     −150.54 ± 8.87^b^   \<0.001
  Feed intake (g/hen/day)      111.02 ± 11.58^a^   58.12 ± 3.23^b^     0.005
  Laying rate (%)              95.83 ± 2.03^a^     89.29 ± 1.19^b^     0.032
  Average egg mass (g)         56.06 ± 0.88^a^     50.56 ± 0.31^b^     0.001
  Egg production (g/hen/day)   53.70 ± 0.79^a^     45.24 ± 0.63^b^     \<0.001
  Shell thickness (mm)         0.38 ± 0.01^a^      0.32 ± 0.01^b^      \<0.001
  Feed/egg (g/g)               2.07 ± 0.22^a^      1.29 ± 0.08^b^      0.016

^a,\ b^Means in the same line with different superscript differ significantly, *P* \< 0.05; Values indicate mean ± SEM. For feed intake, BW change, laying rate, egg production, and feed/egg analyses, *n* = 4/treatment; for shell thickness, *n* = 12.
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